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Abstract 
The paper presents a new and accurate strategy for estimation of cutting coefficients for ball-end milling of free form surfaces in 3- and 5-axis 
operations. Since the cutting coefficients are not constant along the tool axis in the ball part of the cutter, the tool is considered by dividing the 
ball region into thin disks. In order to find the contribution of each disk to resultant cutting force, an experimental setup is designed to cut the 
workpiece while only that disk is in engaged with the workpiece. It is shown that this method is more efficient than common methods of 
mechanistic identification of cutting constants that are available in literature. The derivations are improved by considering the helix angle and 
cutting edge length to enhance the accuracy of the estimated cutting coefficients. Validation of the proposed strategy is demonstrated 
experimentally by simulation of cutting forces and comparing the results with conventional methods of identification of cutting coefficients that 
have been proposed in the literature. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction  
Ball end milling operation is widely being used in die/mold
machinery and manufacturing of complex free form surfaces 
in 3- and 5- axis milling centers. In order to simulate critical 
aspects of ball end milling, such as dimensional error, surface 
quality and machine tool vibration, employing an accurate 
force model is essential. The most common model to estimate 
the cutting forces in literature is mechanistic cutting force 
model in which the cutting force is a linear function of uncut 
chip thickness area [1, 2]. The model can be represented using 
the following formula: 
ܨ௜ ൌ ܭ௜௖ܣ௖ ൅ ܭ௜௘ (1) 
Above, ܨ௜ represents ܨ௧ǡ ܨ௥ and ܨ௔ that are forces in tangential, 
radial and axial directions, respectively. ܭ௜௖and ܭ௜௘stand for 
ܭ௧௖ǡ ܭ௥௖ǡ ܭ௔௖ǡ ܭ௧௘ǡ ܭ௥௘ and ܭ௔௘ that are specific cutting 
coefficients and specific edge coefficients in tangential, radial 
and zenith directions, respectively.  Due to the change of local 
diameter and local helix angle in spherical part of the tool, 
cutting coefficients are not constant along the cutting edge. If 
the spherical part of the tool is divided into finite number of 
thin disks, each one would have different cutting and edge 
coefficients. The reliability of the force model is highly 
dependent on the accuracy of the estimated coefficients at
each disk. The available methods for calculation of cutting 
coefficients in literature can be classified as the following:  
x Analytical identification of cutting coefficients using 
experimental database acquired from orthogonal turning 
test. 
x Identification of cutting coefficients using calibration 
experiments conducted on milling operation. 
Each of the above mentioned methods have some 
advantages and disadvantages. The advantage of the analytical 
method using orthogonal database is that the cutting 
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coefficients can be predicted before manufacturing of the tool. 
Therefore, the number of tests in order to find the cutting 
constants decrease significantly. Nevertheless, when the 
geometry of the cutter is not known or too complex, this 
model cannot be employed. Moreover, there are some 
assumptions in transformation of the orthogonal to oblique 
cutting mechanics [2]. Those assumptions may decrease the 
accuracy of the estimated cutting coefficients especially for 
low immersion cutting and finishing processes.  
The calibration method, on the other hand, is much more 
suitable for tools with complex or unknown geometries. Since 
there are no simplification assumptions, the effect of 
complicated phenomena such as oblique cutting mechanics, 
low immersion, ploughing, nose radius, etc. are considered by 
measuring the cutting forces experimentally and using them 
directly in the calculation of cutting coefficients. 
Budak et. al. [3] used an orthogonal database from turning 
operations to calculate the cutting coefficients for the flat end 
mill tools. Lee and Altintas [4] extended this work to come up 
with cutting constants for the ball end mill tools. The model 
proposed by Lee and Altintas is able to predict the cutting 
forces in roughing processes with acceptable accuracy. 
However, the machining of freeform surfaces and finishing 
process are not presented in the paper. Ferry and Altintas [5] 
used the orthogonal database for titanium Ti6Al4V alloy to 
predict the cutting forces for flank end milling of impellers.  
Lazoglu, Boz and Erdem [6] introduced a cutting force 
model for 5-axis ball end milling of free from surfaces. They 
used a calibration method to calculate the cutting constants. 
This model is used later to optimize the feedrate in ball end 
milling of freeform surfaces by Erkorkmaz, Layegh, Lazoglu 
and Erdim [7].  
Gradisek et.al. [8] introduced a general approach to 
calculate the cutting constants for general end mills using the 
calibration method. They conducted several milling test with 
arbitrary radial immersion and constant depth of cut. In this 
paper, the experimental tests were conducted for constant 
depth of cut and the contribution of each cutting disk were not 
measured separately. Fig. 1 represents the experimental setup 
that was used to measure the cutting forces in reference[8]. 
The drawback of this method is that the estimated cutting 
coefficients are not accurate enough when the projected 
engagement area on tool is small and closer to the cylindrical 
part of the tool. Therefore, if the tool is partially engaged with 
the workpiece, that is represented in Fig. 2, the calculated 
cutting constants would not be accurate enough. 
 
Fig. 1. Engagement in slot cutting ball end milling 
In this paper the tool is divided into several cutting disks 
along the cutter axis. The contribution of each disk in resultant 
cutting force is measured by designing an experimental setup 
to cut the workpiece while just that disk is in engaged with the 
workpiece. It is shown experimentally that the estimated 
cutting forces using this approach is more accurate.  
 
Fig. 2. Illustration of engagement region in a free form surface ball end 
milling 
2. Mechanistic cutting force model of 5-axis milling 
The geometry of ball end mill is outlined in reference [9]. 
This geometry is briefly represented in Fig. 3. Since the local 
geometric parameters such as radius, immersion angle and 
helix angle change along the tool axis, the cutting coefficients 
are not constant. In order to estimate the cutting coefficients in 
the spherical region of tool, this part is divided into thin disks. 
The disks are selected as thin as possible to have almost 
constant geometric parameters.  
 
Fig. 3. Disk numbers and geometry of ball end mill tool 
The differential cutting forces in tangential, radial and 
zenith directions for disk j can be modelled using the 
following equations: 
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ۖە
۔
ۖۓ ݀ܨ௧ǡ௝ ቀߠ௝ǡ ߰ሺݖሻቁ ൌ ܭ௧௖݄ ቀߠ௝ǡ ߰ሺݖሻቁ ܾ݀ሺݖሻ ൅ ܭ௧௘݀ܵሺݖሻ
݀ܨ௥ǡ௝ ቀߠ௝ǡ ߰ሺݖሻቁ ൌ ܭ௥௖݄ ቀߠ௝ǡ ߰ሺݖሻቁ ܾ݀ሺݖሻ ൅ ܭ௥௘݀ܵሺݖሻ
݀ܨ௔ǡ௝ ቀߠ௝ǡ ߰ሺݖሻቁ ൌ ܭ௔௖݄ ቀߠ௝ǡ ߰ሺݖሻቁ ܾ݀ሺݖሻ ൅ ܭ௔௘݀ܵሺݖሻ
 (2) 
Above, ߠ௝ is the current angular position of cutting lip in 
disk j. ߰ሺݖሻ , ܾ݀ሺݖሻ  and ݀ܵሺݖሻ  are immersion angles, chip 
width and edge length for disk j. These parameters can be 
calculated using the following equations: 
 
߰ሺݖሻ ൌ  ݏ݅݊ିଵ ඥͳ െ ܧሺݖሻଶ, 
݀ݏሺݖሻ ൌ ݀ݖඨݐܽ݊ଶ ݅଴ሺͳ െ ܧሺݖሻଶሻ ൅
ͳ
ͳ െ ܧሺݖሻଶǡ 
ܧሺݖሻ ൌ  ோି௭ோ and  
ܾ݀ ൌ  ݀ݖݏ݅݊ ߰ሺݖሻ 
(3) 
Above, ݀ݖ  is the axial integration element, ݅଴  is nominal 
helix angle and ܴ is tool radius. In equation (2) ݄ is the uncut 
chip thickness and can be estimated using equation (4). In this 
equation, ௧݂ is feed per tooth. 
݄ ቀߠ௝ǡ ߰ሺݖሻቁ ൌ  ௧݂ݏ݅݊ሺߠ௝ሻݏ݅݊ሺ߰ሺݖሻሻ  
 
(4) 
Forces in X, Y and Z directions can be found by 
transforming the predicted forces using the following 
transformation equation:  
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(5) 
 
The cutting forces in X, Y and Z directions generated by 
each cutting element at each angular position can be predicted 
using the following equation: 
 
 ܨ௫௬௭ǡ௝൫ߠ௝൯ ൌ ׬ ݀ܨ௫௬௭ǡ௝ ቀߠ௝ǡ ߰ሺݖሻቁ ݀ݖ௭మ௭భ  (6) 
 
The average cutting force for known engagement domain 
can be determined as the following: 
 
ܨത௫௬௭ ൌ 
ͳ
ߠ௉ න න ݀ܨ௫௬௭ሺߠǡ ݖሻ݀ߠ
௭మ
௭భ
ఏ೐ೣ
ఏೞ೟
 (7) 
In the above equation, ߠ௉is the pitch angle of the tool. Ʌୱ୲ 
and Ʌୣ୶are the start and exit angles of engagement domain. 
Cutting force in each direction can be calculated by 
implementing equation (2), (3), (4) and (5) into equation (6).  
For instance, cutting force in X direction can be written as 
follows:  
ܨ௫൫ߠ௝൯
ൌ න ሾെܭ௥௘ ݏ݅݊൫߰ሺݖሻ൯ ݏ݅݊൫ߠ௝൯݀ݏሺݖሻ
௭మ
௭భെ ܭ௥௖ ௧݂ݏ݅݊ሺ߰ሺݖሻሻ ݏ݅݊ଶ ߠ௝ ݀ݖሿ
൅ න ሾെܭ௧௘ܿ݋ݏ൫ߠ௝൯݀ݏሺݖሻ െ ܭ௧௖ ௧݂
ݏ݅݊൫ʹߠ௝൯
ʹ ݀ݖሿ
௓మ
௓భ
൅ න ሾെܭ௔௘ܿ݋ݏ൫߰ሺݖሻ൯ ݏ݅݊൫ߠ௝൯ ݀ݏሺݖሻ
௓మ
௓భെ ܭ௔௖ ௧݂ܿ݋ݏሺ߰ሺݖሻሻ ݏ݅݊ଶ ߠ௝ ݀ݖሿ 
(8) 
By calculating the integral in equation (8) in X, Y and Z 
directions, differential cutting forces can be summarized in 
equation (9). 
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(9) 
Above, A and B are some constants that can be found as 
follow: 
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 (10) 
The average cutting forces can be calculated by 
implementing equation (10) into equation (7). Equation (11) 
presents average cutting forces in X, Y and Z directions that 
can be also measured using a dynamometer in the 
experimental setup.  
቎
ܨത௫௖
ܨത௬௖
ܨത௭௖
቏ =  
௧݂
ߠ௣ ൥
ሺܥଶെܥଵሻܣଵ ܥଷܣଶ ሺܥଶ െ ܥଵሻܣଷ
ܥଷܣଵ ሺܥଵെܥଶሻܣଶ ܥଷܣଷ
െܥଷܣହ Ͳ ܥହܣଵ
൩ ൥
ܭ௥௖
ܭ௧௖
ܭ௔௖
൩ 
(11) 
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Above, ܨത௫௬௭ୡ   and ܨത௫୷୸ୣare the average cutting and edge 
forces. C are some constants that can be calculated as follow: 
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 (13) 
The average forces in the left side of the equation (11) and 
(12) can be measured experimentally. Each of the equation 
(11) and (12) is a system of three equations and three 
unknowns. By solving this system of equations, cutting 
coefficients can be predicted as semi experimentally.  
3. Experimental setup 
All of the experimental tests were conducted on Aerospace 
grade Aluminum 7050. A five-axis milling center equipped 
with a table type dynamometer was used to perform the 
experiments. A high performance two fluted carbide ball end 
mill from Sandvik (grade H10f) was used. The other tool 
specification and cutting parameters are mentioned in Table 1.  
 Table 1. Cutting conditions. 
Number of flutes 2 Spindle Speed 4500 rpm 
Nominal helix 
angle 30° Overhang length 60 mm 
Tool diameter 12 mm Coolant Air 
 
In order to measure the contribution of each disk element 
in cutting force, only that disk should be in contact with the 
workpiece. Fig. 4 demonstrates the configuration of 
experimental setup that was used to measure average edge and 
cutting forces. The thickness of disk elements in spherical part 
of the tool was set as 1 mm. Consequently, the thickness of 
workpiece in cutting regions was 1 mm. In order to prevent 
the unwanted vibrations and chatter phenomenon, some 
shoulders were created using slot cutting.  
 
Fig. 4. Experimental setup. 
Cutting forces were measured using a table type 
dynamometer with sampling rate of 10000 Hz. The average of 
the measured cutting forces in X, Y and Z direction was used 
in equation (11) and (12) to come up with the radial, tangential 
and zenith cutting coefficients. In order to find the edge and 
cutting forces, a series of slot cutting with different feedrate 
were performed. Cutting and edge portion of milling forces 
correspond respectively to the slope and intercept of the line 
that relate measured average forces and feedrate.  
4. Results and discussion 
Cutting coefficients are predicted by both the common 
method available in literature and the proposed model. The 
predicted cutting coefficients are demonstrated and compared 
in Fig. 5 and Fig. 6.  
 
Fig. 5. Predicted mechanistic cutting coefficients. (Disk numbers are 
mentioned in Figure 3) 
 
Fig. 6. Predicted mechanistic edge coefficients. .  
In the common approaches [10], the contribution of each 
cutting disk is not measured directly. However, in the 
proposed approach cutting forces generated by each cutting 
disk is measured while only that disk is in contact with the 
workpiece. According to Fig. 5, the cutting coefficients at the 
tip of the tool are higher. The estimated cutting coefficient in 
tangential and zenith direction are generally lower that the 
ones predicted by common method. However, radial cutting 
constant is higher. Since the magnitude of the edge cutting 
coefficients are quite lower in contrast to cutting coefficient, 
their effect on the total forces is lower. According to Fig. 6 
predicted mechanistic edge coefficients are almost always 
lower that the ones estimated using common approach.  
In order to validate the proposed model, more than 50 tests 
for different feedrate and cutting conditions were performed. 
In order to minimize the uncertainty, each test were performed 
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three times. The feedrate was varied from 0.027 [mm/tooth] to 
0.12 [mm/tooth], the axial depth of cut varied from 1 [mm] to 
6 [mm]. The tests were conducted without any lubricant and 
just air was used as the coolant. The forces were measured 
with a three component Kistler table dynamometer. The 
sampling rate of signal acquisition was set as 10000 Hz. The 
spindle speed was kept constant as 4500 [rpm]. FFT analysis 
was performed to make sure that no excessive vibration and 
chatter phenomenon occurred during the measurement. A 
lowpass Butterworth filter was used to filter the noises during 
the measurement. Three of those tests for up milling, down 
milling and slot cutting are presented in Fig. 7, Fig. 8 and Fig. 
9.  
In the up milling case (Fig. 7), estimated cutting forces are 
more accurate in direction of X and Z using the proposed 
method. For the case of slot cutting in Fig. 8, the proposed 
method can estimate the cutting forces in X and Y direction 
with a better accuracy. But both of the methods are not exact 
to predict the force in Z direction. The proposed method 
underestimates the force in Z direction and the other one 
overestimates the force in Z direction. For down milling case 
that is represented in Fig. 9, the new method predicts cutting 
forces with better accuracy in all three directions.    
 
Fig. 7. Measured and simulated cutting forces, doc = 0-1 [mm], Up milling, 
Feed = 1080 [mm/min] halt immersion, Spindle Speed = 4500 [rpm]. 
  
Fig. 8. Measured and simulated cutting forces, doc = 1-2 [mm], Slot milling, 
Feed = 720 [mm/min], Spindle Speed = 4500 [rpm]. 
 
Fig. 9. Measured and simulated cutting forces, doc = 5-6 [mm], Down 
milling, Feed = 1080 [mm/min], Spindle Speed = 4500 [rpm]. 
One of the most challenging issues in predicting the cutting 
forces in milling operations is estimation of cutting forces in Z 
direction. As it is presented in the above figures, the advantage 
of the proposed approach is the better accuracy in simulation 
of cutting forces in Z direction. Besides, the estimated cutting 
forces in both X and Y directions are considerably more 
accurate rather than the conventional mechanistic model. The 
main reasons for the higher error in Z direction are 
indentation, ploughing and rubbing of the cutting edge that has 
a bigger effect on Z component of cutting forces [11]. In order 
to compensate for the error in estimated force in Z direction, 
the indentation effect should be considered by doing elasto-
plasticity analysis that is explained in reference [11]. 
The proposed mechanistic model can be used in machining 
of complicated free form surfaces in 3- and 5-axis ball end 
milling for reliable prediction of cutting forces. 
5. Summary 
This paper presents a new mechanistic identification 
method to predict the cutting coefficients for ball end milling 
operation. Despite the common methods, in the proposed 
approach the mathematical equations and measured cutting 
forces are specifically implemented for each cutting disk 
along the tool axis.  
The advantage of this model is the better accuracy in 
predicting the cutting forces. The exactness of this approach is 
especially better in Z direction. Since the modeling of 
phenomena such as tool indentation and ploughing is quite 
difficult, implementing of the proposed approach can be fast 
and reliable solution. 
Finally, the validation of the model is examined using 
several experimental tests in different cutting conditions. The 
presented model can be used in simulation of cutting forces 
for machining of complex free form surfaces in 3- and 5-axis 
ball end milling with acceptable accuracy. 
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